Protein and fat oxidation are important factors that influence the quality of bovine liver. The objectives of this study were to investigate the degree of oxidation changes in bovine livers during 90d at different temperatures (−20°C, −10°C, 0°C, 10°C, and 20°C), and to develop Arrhenius models to predict its degree of oxidation.Carbonyl, thiobarbituric acid (TBA), peroxide value (POV) as oxidation attributes of bovine liver during storage were measured at different time and the changes were kinetically modeled using the Arrhenius equation. The activation energies of carbonyl, (TBA) and (POV) were 27.48, 55.48, and 58.94 KJ/mol, respectively. The determination coefficients (R 2 ) were above 0.97 for all. In addition, volatile compounds in bovine liver and consumer acceptance of bovine liver pate with bovine liver as the final product were also measured. Among the volatile compounds, The content of aldehydes and ketones in bovine livers stored at different temperatures increased significantly (p < 0.05). Consumer acceptance of bovine liver indicates that consumers prefer bovine liver paste made from bovine liver stored at lower temperatures (below 0°C).
Introduction
The liver is an important organ in cattle for food storage. Bovine livers are rich in nutrients, have prominent health and medicinal functions, and have a huge value for processing and utilization. [1] Numerous local and foreign studies investigated the active ingredients of bovine livers, for example, L-carnitine, taurine, and glutathione were extracted from bovine liver. [2, 3] Moderate consumption of bovine liver can prevent anemia, maintain normal visual function, reproductive function, maintain the integrity of epithelial cell structure, promote children's growth and development, improve exercise capacity, anti-aging anti-oxidation, and prevent the occurrence of cancer. Therefore, bovine livers have a wide range of prospects in terms of processing and utilization. [1] [2] [3] [4] Although previous studies reported many preparations of bovine liver enzymes and products, no information is available regarding the quality changes in bovine liver during storage. In general, the characteristics ofany novel food ingredient and its changes during storage should be determined because they provide information on the maintenance of the product at an appropriate level of quality. [5] In addition, bovine livers contain higher enzyme activity than meat, indicating that bovine liver may have a shorter shelf life. [6] The shelf life expectations of bovine livers are limited due to insufficient information although they are available as active substances and food raw materials.
On the basis of related reports, meat oxidation is the main reason for quality deterioration during long-term frozen storage. [7] Meat oxidation leads to the degradation of aromas and textures and reduction of nutritional values. [8] The reduction of bovine liver quality may be due to the interaction between lipid oxidation products and proteins. In meat systems, protein oxidation can be assessed by multiple chemical oxidation of several proteins themselves, [9] including sulfhydryl and tryptophan fluorescence losses, increase of carbonyl derivatives, and intermolecular and intramolecular crosslinked state formations. [10] [11] [12] Among the abovementioned changes, the formation of carbonyl compounds is one of the most notable chemical modifications on oxidized proteins. Lipid peroxidation in air is classified into three types, namely, free radical oxidation, enzymatic oxidation, and nonradical non-enzymatic oxidation. [13] These oxidations lead to the formation of hydrocarbons, aldehydes, and ketones, which are the causes of peculiar odors, off-flavors, rancidity, color deterioration, and protein oxidation that lead to deterioration of meat quality. [14] The current methods commonly used for lipid oxidation assays include thiobarbituric acid (TBA) and peroxide value (POV) analyses. [15] Arrhenius equation is a model commonly used in the kinetic analysis of chemical reactions that transform the relationship between chemical reaction and temperature into model parameters, such as activation energy. [16] In general, Arrhenius kinetic model is mainly applied to single-stage reaction. However, a large number of studies have shown that this model can still be used for the construction of a large number of complex reaction models [17] [18] [19] and its application in oxidation reaction has also been reported in many cases. Fan [20] used this model to analyze the accumulation of TBA in pork sausages and determined that the maturation of sausages completely conformed with the Arrhenius kinetic model in terms of oxidation degree. Traditional protein and lipid oxidation research methods are described by the changes in relevant indicators during storage. However, these methods are insufficient to deal with complex protein and fat oxidation phenomenon. The underlying mechanism of this method is difficult to investigate. Thus, a mathematical modeling for the analysis of concepts is applicable to this complex reaction analysis. However, no information are available about using the Arrhenius equation to determine the quality change in bovine liver during storage.
This study aimed to determine the oxidative state of bovine livers during storage by measuring the carbonyl, TBA, POV contents of bovine livers during storage, to analyze the change in oxidation state during storage, and to determine the difference between activation energy of individual bovine liver by using a dynamic model. Meanwhile, volatile flavors were analyzed based on the changes in volatiles of bovine during storage.
Materials and methods
The bovine liver (Aberdeen Angus) used in the experiment was collected from Shaanxi Qinbao Animal Husbandry Co., Ltd.(Baoji City, Shaanxi Province, China). Tested cattle for the normal development, Six healthy, disease-free cattle aged 4 years old and with normal development were selected. The cattle were subjected to Prepre-slaughter fasting for 12-24 h, and ban water for 2 h. Bovine liver was taken 2 h. After the cattle were slaughtered, the liver was immediately collected and after slaughter and divided into small pieces of 50 g to correspond to each sampling time point.
Sample processing
Bovine livers were packed in transparent polyethylene (PE) sealed bags and stored at −20°C, −10°C, 0°C, 10°C, and 20°C. During storage, the temperature was recorded using a thermal recorder (TR72wf, T&D Corporation, Nagano, Japan). For protein and fat oxidation, bovine livers were stored at different time points and sampled at different times ( Table 1 ). The obtained data were used for establishing the Arrhenius kinetic model and validation test for simulated storage. After the samples were stored at 5°C and 15°C for 0, 2, 4, and 6 days, carbonyl content, TBA level, and POV were measured. The resulting kinetic model was used to calculate the predicted value, which was compared with the measured value to evaluate the application effect of the model. The bovine liver was washed and sealed in a PE bag to eliminate the interference of microbial spoilage on the experimental results. The bag was filled with a mixture of oxygen and nitrogen at a ratio of 21:79. Air contact effects were simulated. In the experiments, determination of total plate count was done using plate method described in ISO 2293:1988. [21] Quality changes in bovine liver during storage Carbonyl content was determined using the methods of Oliver [22] with slight modifications. In brief, 1 mL of 2mg/mL myofibrillar protein solution was obtained, added with 1 mL of 10 mM dinitrophenylhydrazine (DNPH). After 1 h of reaction in a darkroom at room temperature, the mixture was added with 1 mL of 20% trichloroethane solution and centrifuged at 10000g for 5 min. The precipitate was washed with 1 mL of ethyl acetate: ethanol (1:1). The precipitate was then added with 3 mL of 6mol/L guanidine hydrochloride solution and placed in a water bath for 15 min at 37°C to dissolve the precipitate. The reaction mixture was centrifuged at 10000g for 3 min. Absorbance was recorded from the supernatant at 370 nm. For the blank treatment, the DNPH solution was replaced with 2 mol/L hydrochloric acid.
TBA was determined following the method of Erkan and Özden [23] with a slight modification. Two gram minced bovine liver was added to 16 mL of 5% TCA and 100 μl of 2 g/L butylated hydroxytoluene (in ethanol). The mixture was homogenized for 2 min and then centrifuged at 5000 rpm for 3 min. Five milliliters of the supernatant was mixed with 1 mL of 0.01 M TBA and heated in a boiling water bath for 40 min. The mixture was allowed to cool down to room temperature, and the absorbance of the mixture was measured at 532 nm using a UV-756P spectrophotometer.
POV was determined using the method of Shi et al. [24] The bovine liver 0.3 g was dissolved in 9.8 ml of chloroform-methanol (7:3, v/v) and mixed for 4 s. The mixture was added with 0.05 mL of 30% ammonium thiocyanate and mixed for 4 s. Then, 0.05 m of 3.5 g/L ferrous chloride in 10 M HCl was added and mixed again for 4 s. After 5 min standing at room temperature, the absorbance was measured at 500 nm using a UV-756P spectrophotometer. The POV was expressed as milliequivalents (meq) of peroxide/kg lipid, and a reference curve was plotted using ferric chloride standard.
Kinetic modeling
Arrhenius equation was used to estimate the change in mass of bovine liver at different temperatures (−20°C, −10°C, 0°C, 10°C, and 20°C) during storage. In general, the expected change in meat quality during storage can be expressed by using the first-order model as: where B is the content of oxidation index, B 0 is the initial content of oxidation index, k is the rate constant (d) at the given temperature, and t is the storage time. The Arrhenius kinetic model based on the first-order model was used to analyze the second model described by Giannakourou & Taoukis. [25] The fitting function of the reaction rate constant k to the temperature is expressed as:
where K is the oxidation reaction rate at temperature T, K 0 is the frequency factor in the Arrhenius kinetic model, E a is the oxidation reaction activation energy (KJ (mol) −1 ), and R is the gas equilibrium constant (8.3144 J (mol K) −1 ). The revised Arrhenius formula is expressed as:
The zero-order kinetic model is developed as
The slope of regression line (−E a /R) is plotted over the mutual utilization of K B (T
−1
). The E a is obtained by the regression on the slope of the straight line, and K 0 is obtained by the intercept of the regression line.
Analysis of volatile compounds
For each bovine liver, 3 g (± 0.001) was choped and gathered in the basement of a 20 mL SPME vial. Soon afterwards the vials were washed with nitrogen for 20 s and sealed with parafilm (PM996, Parafilm, USA) to avoid the infuence of oxygen. Vials were conserved at 4°C until analysis. Samples were equilibrated in a laboratory stirrer/hot plate at 37°C for 40 min.
For quantitation of volatile compounds, the SPME device was inserted into the injection port of gaschromatograph. And SPEM injector was cleaned at 100°C for 20 min after each injection. The instrument of Gas chromatography-mass spectrometry was a Clarus 500 gas chromatograph coupled with an Autosystem XL-Turo Mass spectrometer (Agilent, USA). At 250°C, the SPME device was desorbed directly at the GC-MS inlet for 5 min in splitless mode, with a pressure pulse of 30 psi (column flow rate of 2 mL/min during this time). The Helium (carrier gas) flow rate was 0.8 mL/ min. A DB-WAX capillary column (J&W Scientific, Palo Alto, USA) of 60 m × 0.25 mmI.D. The initial temperature of the oven was 50°C for 10 min, then increased by 3℃/min to 225℃, followed ramped to 250°C at 10°C/min and finally held at this temperature for 5 min. The MS conditions were that transfer line temperature of 230°C, trap temperature of 200°C, emission current of 70 eA. Record the global runtime in full scan mode (m/z 33~300 mass range).
There are volatile organic compounds such as alkanes, benzene, and aldehydes and ketones in bovine liver. Alkanes are more volatile and difficult to maintain a constant content, so they are not seen as internal standards. The undetected cyclohexanone and chlorobenzene in the sample were initially retained as internal standards. Samples containing 1mg/L internal standard were tested. The results showed that the relative retention times of the two samples are 5.21 min and 6.82 min, respectively, which can be well separated from the components to be the subject. Since chlorobenzene has a large residual on the extracted fiber, which affects the quantitative result, cyclohexanone is chosen as the internal standard. The chromatographic data were analyzed by NIST 08 library (National Institute of Standards and Technology, Gaithersburg, MD, USA). A total of 51 volatile compounds were detected during the storage of bovine liver. The names, peak hours, retention indices, and reported articles are shown in Table 4 .
Bovine liver pastes preparation and consumer acceptance test
A total of 11 different bovine liver pastes were prepared with bovine liver stored for 0, 10, or 20d at −20, −10, 0, 10 or 20℃, and the control (0 d). Bovine liver pastes formula includes bovine liver (100 g), soy protein isolate (3 g), milk powder (3 g), chicken oil (13 g), vegetable oil (13 g), sugar (2 g) and salt (2 g). Bovine liver was crushed by tissue mincing machine (JJ-2, Xinhang Instrument Factory, Jintan City, China), stirred at 1000 r/min for 2 min, then added soy protein isolate, starch, and milk powder, etc. After emulsification by colloid mill (JMS −50, Guantong Machinery Co., Ltd., Langfang City, China). It was placed in a glass bottle of 6 cm in diameter and steamed for 30 min in an induction cooker (WT2116, Midea Induction Cooker, Midea Group Co., Ltd., China), about 90 g per bovine liver paste, and then cooled at room temperature.
Consumers (n = 50, 21 males, 29 females, age 18-55) who don't have rejection of bovine liver paste were selected to evaluate the prepared bovine liver paste. Until the end of the test, consumers didn't have any information about the bovine liver paste. The testing was conducted at the animal product processing laboratory of Gansu Agricultural University (Gansu, China). Consumers were asked to use the nine-point hedonism scale to assess the appearance, smell, taste, texture and overall acceptance of the biscuit. In consumer test process, each bovine liver paste was presented in triplicate, and each 3 g was placed in plastic petri dish (5 cm x 5 cm x 2 cm, length x width x height). Randomly number the number below the container and provide it to the consumer. All tests were performed under well-lit conditions. Consumers took a one-minute break before testing the next sample to minimize sensory fatigue. And use lemonade (lemon extract: water 1:100) as a mouth cleaner and then taste each sample.
Statistical analysis
All data were expressed as arithmetic mean standard deviation. ANOVA and linear regression were performed using IBM SPSS 19.0 software, ANOVA, and Duncan multiple test (P < 0.05).
Results and discussion
Analysis of total plate count Figure 1 shows the changes in the total plate count of bovine liver under different storage temperature conditions. It can be seen from Figure 1 that when the storage temperature is lower than 0°C, the total plate count decreases first and then increases. When the storage temperature is lower than 0°C, the total plate count continues to increase. This may because some bacteria cannot tolerate low temperature. As the storage time increases, the number of bacteria that are resistant to low temperatures increases. According to Kim [26] , the total number of bacteria is less than 1 × 10 6 during storage, indicating that the bovine liver has not blet.
Changes in bovine liver quality during storage at different temperatures
Protein carbonyl content is widely used to assess the degree of oxidation of proteins and is a good indicator of the degree of oxidation of proteins in a sample. [27] According to some references the carbonyl content value of about 8 mg nmol/mg is a limit value. [26] The changes in the carbonyl content of bovine liver at different temperatures are shown in Figure 2 . The initial carbonyl content of bovine liver was 1.584 (nmol/ mg protein). The initial carbonyl content of bovine liver was 1.584 (nmol/mg protein). This value is close to the 1.6 (nmol/mg protein) reported by Bwb [28] for beef but higher than the 2.17 (nmol/mg protein) reported by Traore et.al for pig meat. [29] This may be because protein oxidation is affected by animal species, muscle type, and anatomical location. [30] In general, the oxidation of protein in bovine liver decreases as the storage temperature. According to some literature reports [31, 32] that protein oxidation in beef and sheep meet persists during refrigeration, and its rate slows as storage temperature decreases, which is similar to the results of this experiment. Protein oxidation affects the physicochemical properties of proteins, which in turn affects the processing characteristics, nutritional value, flavor of meat, [8] and may even harm the health of consumers. [33] The TBA and POV are two main indicators of lipid oxidation seen in muscle foods. [34] Under refrigerated conditions, the biochemical reactions in meat products are largely slowed down, but fat oxidation is still not negligible. [35] Lipid oxidation is a three-step free radical chain reaction consisting of initiation, propagation, and termination. TBA and POV are produced in the second and third stages of lipid oxidation, respectively. [36] TBA and POV contents of bovine liver at different temperatures are shown in Figures 3 and 4 . The initial and final TBA of bovine liver were 0.7676 and 7.408 (mg MDA/kg). This value is lower than the 1.2 and 12.2 (mg MDA/kg) reported by Shin [37] and the 1.5 and 14.7 (mg MDA/kg) reported by Cui [38] for beef . The initial and final POV of bovine liver were 0.5359 and 6.1019 mg (meq/kg). This value is also lower than some reports [39, 40] for beef and sheep meat.The difference in initial and final TBA and POV contents in bovine liver may be due to the type of fat composition and the lower fat content in the bovine liver. The TBA and POV of all bovine livers increased throughout the storage process, possibly due to partial dehydration of the bovine liver and increased oxidation of unsaturated fatty acids. [41] In addition, with the increase of storage temperature, the increase rate of TBA and POV during storage was also higher, indicating that low temperature inhibited the oxidation of lipids.
Dynamic model establishment
The oxidation of bovine liver stored at different temperatures was analyzed to determine the reaction sequence. The value of k was obtained from the regression slope of ln [B/B 0 ] over time. Table 2 shows the first-order equation for the oxidation index value of bovine liver at different temperatures. Through the above analysis, the content for the three kinds of oxidation index content for bovine liver during storage increased with the increase on storage time and rapidly increased at the same temperature increases based on the first-exponential model The rate of increase on the content of the obtained oxidation index described the rate of peroxide formation at different temperatures and the fitting degree of all the equations exceeded 0.97. Therefore, the first-level index model was suitable for evaluating changes in the content of three kinds of oxidation indicators. A quality prediction model for bovine liver during storage at different temperatures was established. The equation of the oxidation index prediction model Eqs. (5), (6) and (7): 
Model validation
To verify the three predictive models, the comparison of the predicted and measured values of bovine livers stored at 5°C and 15°C for 5 and 15 days was evaluated. The results showed that the three kinds of prediction models for oxidation index established the real and predicted values for each index content, and the relative errors were within ± 8%. Kaymak-Ertekin & Gedik [42] claimed that a prediction model was acceptable when its relative error was less than 10%. Table 3 confirms that the Arrhenius kinetic model has a good fit with the carbonyl, TBA, and POV contents in bovine livers and can accurately predict its fixed temperature and specific storage time.
Arrhenius kinetic model is a mathematical method used to describe the relationship between the chemical reaction rate and temperature. The Ea and frequency factor (K 0) are used to describe the mechanism of chemical reaction. In general, the lower the activation energy is, the higher the probability of a reaction occurs, and the faster the reaction and the greater the temperature are. [43, 44] The slower the reaction is, the higher the Ea is. The frequency factor corresponds to the basic frequency in which the reaction substrates are in contact with each other at a certain contact frequency. The Ea directly determines the probability of substrate contact reaction. Thus, the contact higher than the actual reaction rate frequency is the theoretical maximum chemical reaction rate when the temperature approaches infinity. [45] Volatile flavor compounds of bovine livers during storage Figure 6 . shows the relative content of volatile compounds detected in bovine livers at different temperatures and storage time. Figure 7 reports the change in the content of volatile compounds. The volatile compounds in bovine liver include aldehydes, ketones, alcohols, acids, and alkanes. Lorenz et al. [46] analyzed the volatile components of the lamb liver. Many of which were classified as aldehydes, esters, and hydrocarbons. Werkhoff et al. [47] analyzed the volatiles associated with cooked beef liver. In addition to aldehydes, ketones, esters, acids, sulfur-containing compounds include mercaptans, sulfides, thiazoles, and thiofurans. This is basically consistent with this experiment. At −20°C, −10°C, 0°C temperature, there was no significant change in the content of volatile compounds in the early stage of storage (p > 0.05), but the flavor content changed significantly with the prolongation of storage time (p＜0.05). At 10°C, 20°C, the aldehyde and ketone in the pre-storage period were very significant (p＜0.05). Compounds of different flavors of meat are mainly derived from lipid oxidation. Low temperature can delay lipid oxidation, but it does not prevent lipid oxidation, and high temperature promotes lipid oxidation. [48] Furfural, benzaldehyde, hexanal, and octanal, which have floral notes, almond notes, grassy notes, fruity notes, have higher contents and gradually increase with the growing of oxidation degree. Due to the low odor threshold, aldehyde compounds are the main odor compounds of bovine liver. Especially the relatively high content of small molecular aldehydes contributes more to the flavor of bovine liver. [49] Aldehydes are formed by oxidation of lipids and Strecker degradation of amino acids. [50] Hexanal and octanal are formed by oxidation of n-6 PUFA and n-9 PUFA, respectively. [49, 51] Studies have reported that benzaldehyde has a relatively high relative content in the liver and is one of the characteristic aroma contributors to the gonads of crabs. [52, 53] Ketones are derived from amino acid degradation, Maillard reaction, and lipid oxidation. [53] Among the total volatile compounds, ketone content is relatively low, and the ketone compound has a high threshold value. Thus, it contributes little to bovine liver flavor. [53] Acetone, 2-butanone content is higher, and with the increase of oxidation degree, the content formation is reduced. This may be because ketone compounds are important intermediates for the formation of heterocyclic compounds. Ketones are converted to other compounds as oxidation progresses. [54] In this study, as the degree of oxidation increases, ketone content first increases and then decreases. This may be because some ketones are converted to other products in the early stage. Increased ketone content in the late stage due to accumulation of other non-converted ketones. Alcohols have a higher odor threshold and therefore contribute less to bovine liver aroma, but unsaturated alcohols typically have lower thresholds and may have a greater impact on total odor. [55] As the length of the carbon chain increases, a unique aroma is created. But the contribution to the flavor of the product is still small. [56] In this experiment, pentanol, hexanol, 1-octyl-3-ol, octanol, and octadecyl alcohol were detected. 1-octyl-3-ol has a hay aroma and is a major volatile alcohol for oysters, clams, prawns, and crabs, and is one of the important odor active alcohols. The alcohol Figure 6 . Heat map representing relative peak area of volatile compounds detected by GC-MS in bovine liver stored at different temperatures and periods (green color means low peak area and red color is high in peak area, relatively).
content increases and then decreases, which may be because the final alcohol is oxidized to aldehydes and acids. [57] During the storage process, bovine liver's flavor compounds also include acids, hydrocarbons, furans, and thiazoles. Acid substances are extremely low, If excessive, there will be a smell of rotten meat. [58] Hydrocarbons are formed by the oxidation of lipid. [59] Hydrocarbons detected in bovine liver can be classified into saturated hydrocarbons and unsaturated hydrocarbons. Due to the high threshold, the flavor of bovine liver aroma has little effect. Yet, some can form heterocyclic compounds. [60] Sulfur-containing compounds generally have an important effect on sample flavor，Benzothiazole and 2-acetylthiazole were found in this study and are ubiquitous in seafood. [61] In this study, the content of aldehyde in bovine liver is the highest and threshold is low, which is decisive for bovine liver flavor. In the present study, as the storage temperature and time increased, the level of lipid oxidation increased, and when the storage temperature was below 0°C, the increase in aldehyde content during early storage period was not significant (p > 0.05). 
